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ABSTRACT: Thousands of breakthrough infections are confirmed after intramuscular (i.m.) injection of the approved vaccines
against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Two major factors might contribute to breakthrough
infections. One is the emergence of mutant variants of SARS-CoV-2, and the other is that i.m. injection has an inefficient ability to
activate mucosal immunity in the upper respiratory tract. Here, we devised a dual-chambered nanocarrier that can codeliver the
adjuvant CBLBS02 with prefusion-spike (pre-S) onto a ferritin nanoparticle. This vaccine enabled enhanced systemic and local
mucosal immunity in the upper and lower respiratory tract. Further, codelivery of CBLBS02 with pre-S induced a Thl/Th2-
balanced immunoglobulin G response. Moreover, the codelivery nanoparticle showed a Th1-biased cellular immune response as the
release of splenic INF-y was significantly heightened while the level of IL-4 was elevated to a moderate extent. In general, the
developed dual-chambered nanoparticle can trigger multifaceted immune responses and shows great potential for mucosal vaccine
development.
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B INTRODUCTION intramuscular (i.m.) injection.'® Although systemic vaccination
is effective for curtailing severe disease and mortality, it fails to
elicit substantial mucosal (immunoglobulin A [IgA]) immunity
and only provides suboptimal protection in the nasal turbinate
(NT)."""* The nose is one of the primary entry routes for SARS-
CoV-2 and acts as its initial reservoir.'> Thus, generation of nasal
IgA is vital for prevention of nasal SARS-CoV-2 acquisition and
transmission. Intranasal (i.n.) vaccination of subunit vaccines
against SARS-CoV-2 with adenovirus-vectored vaccines'*'> or
influenza-based vaccines'® has induced substantive mucosal,
systemic, and cellular immunity and supplied optimal protection
against upper and lower respiratory tract (URT and LRT)

The pandemic of coronavirus disease 2019 caused by SARS-
CoV-2led to over 481 million recorded cases and over 6 million
deaths worldwide until March 30, 2022 (https://
covid19.who.int/). Hundreds of preclinical and clinical trials
have been conducted to avert SARS-CoV-2 global transmission,
and the principal target is spike (S) protein.' S protein
distributes on a virion surface and forms a homotrimer
protrusion, which interacts with its major receptor angioten-
sin-converting enzyme 2 (ACE2) and mediates virus entry.” S
protein is cleaved into S1 and S2 at furin sites (residues 682—
685) and undergoes conformational changes from prefusion to
postfusion during the viral entry process.”” The introduction of
a “GSAS” substitution at furin sites and proline substitutions at Received:  April 7, 2022
residues 986 and 987 (S-2P) confer S protein in the prefusion Accepted:  June 13, 2022
conformation,”” and this prefusion-spike (pre-S) is adopted as a
promising vaccine candidate.””

Several vaccines have received emergency-use authorization
(EUA) and induce robust humoral and cellular immunity by
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Figure 1. Schematic depiction of the rationale of the dual-chambered ferritin nanocarrier and its adjuvant effects. (a) The 24-unit gb1-int®ferritin-
CBLBS502 proteins spontaneously assemble the dual-chambered nanocarrier. The desired cargo, pre-S, is covalently coupled onto the nanoparticle
surface to generate the codelivery nanoparticle pre-S-ferritin-CBLBS02. (b) The codelivery nanoparticle targets DCs in the nasal area through the
interaction of the TLRS agonist with TLRS and induces increased IgA and IgG responses in the nasal wash (NW), bronchoalveolar lavage fluid
(BALF), and serum. In addition, the production of IFN-y and IL-4 by splenocytes will also be upregulated.

infection.'” However, other effective novel vaccines are still
needed with regard to safety and compatibility.

Soluble antigens are safe vaccine candidates but possess two
drawbacks for intranasal vaccination. One is that they are less
immunogenic than the authentic virus,'® and the second is that
they are inefficiently transported across the epithelial barrier by
microfold (M) cells to be presented to dendritic cells (DCs)."*®
Nanoparticles have been designed to penetrate the mucosal
barrier for antigen delivery or for therapeutic application.'”*’ In
addition, nanoparticle combinations with adjuvants have been
utilized to improve protein immunogenicity.”' The 24-unit
Helicobacter pylori (H. pylori) ferritin spontaneously assembles
nanoparticles harboring eight three-fold symmetric axes,””
which has shown excellent potential in enhancing immune
responses for trimeric antigens like influenza hemagglutinin® or
EBV glycoprotein 350.”* Ectodomains of S protein have been
displayed onto H. pylori ferritin and have been formulated with
different adjuvants to facilitate immune responses.”> ™’ Flagellin
is an agonist of Toll-like receptor (TLR) 5 and serves as a potent
adjuvant in enhancing parenteral and mucosal vaccination.”**’
However, flagellin or its derivative, CBLBS02, tends to
aggregate, and thus, denaturing and refolding processes are
needed when flagellin is genetically linked to an antigen.””*" In
other words, it remains a great challenge to codeliver a mucosal
adjuvant with an antigen onto a single nanoparticle.

In recent years, modular nanoparticle display technology has
been attracting more and more attention to load various
payloads. Proteins can be covalently coupled to nanoparticles by
sortase,”””” while transpeptidation mediated by this enzyme is a
reversible reaction and precludes its application potential.
SpyCatcher/SpyTag is an intriguing covalent peptide tagging
technology and has been utilized to display SARS-CoV-2
antigens. 4736 As the retained SpyCatcher/ SpyTag might raise
unwarranted nonspecific immune responses, we have developed
intein-mediated trans-splicing, which cleaves itself during the
coupling process to load protein-based cargos onto nano-
particles.”” ~** Previous studies and our work mainly focus on
coupling cargos to a single insertion site on a nanoparticle
surface. When an antigen and an adjuvant are codelivered, it is

difficult to generate homogeneous products across multiple
batches.”” Inspired by the concept of a double-chambered
ferritin platform,*" we aim to expand the delivery capability of a
ferritin nanocarrier by combinational use of intein-mediated
trans-splicing with genetic fusion. We introduced a split intein®
moiety to the ferritin N-terminus to load pre-S by intein-
mediated trans-splicing, while we genetically fused CBLB502 to
the ferritin C-terminus. Interestingly, we found that this
codelivery nanoparticle offered comprehensive adjuvant effects,
including elevating spike-specific systemic immunity, heighten-
ing local mucosal immunity in the upper and lower respiratory
tract, and augmenting cellular immunity in the spleen.

B MATERIALS AND METHODS

To generate a dual-chambered ferritin nanocarrier, gbl-intein® was
placed to the ferritin N-terminus,®” and CBLB302 was genetically fused
to the ferritin C-terminus (Figure S1).*' A recombinant gene was
cloned to the pET28a vector and was expressed by BL21 (DE3) plysS.
An ectodomain of pre-S (1—1208) with a foldon tag at its C-terminus®
was fused to split intein™,”” and protein pre-S-int™ was expressed by an
ExpiCHO expression system. Genetic fusion of the ectodomain of pre-S
(1—1208) to H. pylori ferritin worked as a control nanoparticle that was
expressed by Expi293F cells. A recombinant plasmid, pPCDNA3.1+ pre-
S-ferritin, was transfected into Expi293F cells by EZ Trans-II (Shanghai
Life iLab Biotech Co., Ltd.). Incubation of the dual-chambered ferritin
nanocarrier, gbl—intC—ferritin-CBLBSOZ, with pre-S-intN would gen-
erate a codelivery pre-S-ferritin-CBLBS02 nanoparticle that was
recovered from the reaction mixture by a ClearFirst-3000 protein
purification system of Shanghai Flash Spectrum Biological Technology
Co.,, Ltd. Detailed information is supplied on the Supporting
Information.

B RESULTS AND DISCUSSION

The Rationale of the Dual-Chambered Ferritin Nano-
carrier. We have developed ferritin as a modular nanocarrier by
intein-mediated trans-splicing, which resulted in equipment of
desired cargos onto its N-terminus.*® Although an antigen and
an adjuvant can be concurrently conjugated to a ferritin
nanoparticle, it is difficult to precisely constrain their mole
ratio. Furthermore, having only one insertion site is another
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Figure 2. Optimization of in vitro trans-splicing, generation, and characterization of the codelivery nanoparticle. (a) Two-fold increase in the pre-S-
int" concentration to achieve high reaction efficiency. (b) Semiquantification of trans-splicing efficiency by Image] and GraphPad Prism 8.0. The plot
represented values of three repeats with the standard error of the mean (=SEM). (c) Coomassie brilliant blue (CBB) staining analysis of the recovery
of the codelivery nanoparticle by gel filtration. (d) UV profile of the recovery of the codelivery nanoparticle by gel filtration. (e) TEM images of pre-S-

ferritin, gb1-int®-ferritin-CBLB502, and pre-S-ferritin-CBLB502.

limiting factor. A previous study has proposed proof of concept
of double-chambered nanocages®' that sheds light on the
possibility to expand the loading capability of the ferritin
nanocarrier. To this end, we devise a dual-chambered ferritin
nanocarrier. We insert gb1-int” to the N-terminus of ferritin and
fuse CBLBS02 to its C-terminus to make gbl-int“ferritin-
CBLB502, which reacts with pre-S-int" to generate an antigen/
adjuvant codelivery nanoparticle, pre-S-ferritin-CBLB502 (Fig-
ure la and Figure Sla,b).

A codelivery nanoparticle benefits not only from the inherent
properties of the nanoparticle but also from the adjuvant effects
activated by CBLBS02. Nanoscale particles are favorably
internalized by antigen-presenting cells (APCs); the multivalent
display of an antigen in a repetitive manner facilitates B cell
activation, memory B cell proliferation, and so on.”” The TLRS
agonist interacts with the TLRS on the surface of M cells and
DCs and stimulates robust mucosal and systemic immune
responses.””** We envision that this codelivery nanoparticle will
improve IgA and IgG responses in the URT and the LRT while
promoting systemic immunity. In addition, this codelivery
nanoparticle will strength cellular responses (Figure 1b).

Generation and Characterization of the Codelivery
Nanoparticle. First, we investigated the feasibility of
codelivering pre-S with CBLBS502 onto a ferritin nanoparticle.
A recombinant clone, gbl-int“ferritin-CBLBS02, was con-
structed, and the dual-chambered ferritin nanocarrier was
manufactured by a denaturation and renaturation process
(Figure Slac). The cargo protein, pre-S-int™-6xHis (pre-S-

int" for short), was purified by Ni** resin. The nanoparticle
fused with pre-S, pre-S-ferritin, was purified by ultracentrifuga-
tion (Figure Sla,d). We performed dose-dependent assay and
found that a sufficient concentration of pre-S-int" led to a high
yield of >80% (Figure 2ab). We applied the mixture to a
Superose 6 increase column to attain the target product after the
reaction (Figure 2c,d). We imaged samples of pre-S-ferritin,
gbl-int®-ferritin-CBLBS02, and pre-S-ferritin-CBLBS02 by
transmission electron microscopy (TEM) and observed that
the aforementioned proteins retained their nanoscale spherical
morphology (Figure 2e). Taken together, our data confirmed
that it was amenable to codeliver pre-S with CBLBS02 onto a
ferritin nanoparticle.

Assessment of Systemic Immunity. We next evaluated
the adjuvant effects in a CS7BL/6J-TgN (hACE2) mouse
model. Previous clinical data indicated that solely intranasal
vaccination against SARS-CoV-2 was inefficient to confer
substantial immunity,” while heterologous prime-boost immu-
nizations conferred robust immunity.'®*® To this end, mice
received two i.m. injections and one in. immunization with
different regimens (Figure 3a). Mice were divided into five
groups: ferritin, pre-S, pre-S-ferritin, an admixture of pre-S-
ferritin with CBLBS02 (pre-S-ferritin+CBLBS02), and the
codelivery nanoparticle (pre-S-ferritin-CBLBS02). After three
inoculations, spike-specific antibody responses were analyzed in
NW, BALF, and serum, whereas cellular responses were
inspected in the spleens.
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Figure 3. Evaluation of systemic antibody response. Sera were collected two weeks after the third inoculation, and samples were used for ELISA and
neutralizing assays. (a) Immunization schedule for CS7BL/6J-TgN (hACE2). (b) Spike-specific IgG titers were determined by enzyme-linked
immunosorbent assay (ELISA). (c) IgG isotype assay. (d) IgA responses in serum. (e) ICy, of neutralizing antibodies. Statistical significance was
denoted by the following symbols: ns = not significant and *p < 0.0S.
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Figure 4. Local mucosal antibody responses in the URT. Three weeks after the third injection, nasal wash samples were collected for immunization
assays. Spike-specific IgA (a) and IgG (b) responses were detected by ELISA, and NW samples were diluted to 1:5 and 1:10, respectively. (c)
Neutralizing efficiency of samples measured with a dilution of 1:8. Statistical significance was presented as follows: ns = not significant and *p < 0.0S.
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Figure S. Local mucosal antibody responses in the LRT. BALF samples were obtained three weeks after the third injection for immunization assays.
Spike-specific IgA (a) and IgG (b) responses were measured by ELISA, and BALF samples were diluted to 1:S and 1:10, respectively. (c) BALF
samples were diluted to 1:8 to determine the pseudovirus neutralizing efficiency. Statistical significance was depicted by the following symbols: ns = not

significant, *p < 0.05, and **p < 0.01.

In serum samples, four groups comprising the pre-S antigen
yielded high titers of spike-specific IgG (Figure 3b). The
codelivery nanoparticle elicited the strongest antispike IgG
responses (mean, 4.87; log range, 4.1-6.2), whereas pre-S-
ferritin+CBLBS02 sustained slightly improved IgG responses
compared to pre-S-ferritin (mean logs: 4.24 vs 4.2). Moreover,
statistical significance assay revealed that pre-S-ferritin-
CBLBS02 triggered notably higher IgG responses compared
with pre-S-ferritin+CBLBS02 (Figure 3b). To gain further
insight into the profile of antibody responses, IgG isotype assays
were conducted with a dilution of 1:10." Strikingly, the
codelivery nanoparticle augmented both IgGl and IgG2b
responses (Figure 3c). To further explore the adjuvant effect
raised by the codelivery nanoparticle, we measured spike-
specific IgG1 and IgG2b titers. We found that pre-S-ferritin-
CBLBS502 moderately enhanced IgG1 responses compared to
pre-S-ferritin+ CBLBS02 (Figure S2a), while it exhibited
excellent adjuvant properties on improving IgG2b responses
(Figure S2b). To consider that pre-S-ferritin-CBLB502 induced
comparable IgGl and IgG2b responses (Figure 3c), we
envisioned that it conferred Th1/Th2-balanced responses. In
addition, the codelivery nanoparticle provoked remarkably
increased IgA responses compared to pre-S (mean OD450:
0.30 vs 0.06) (Figure 3d). The S0% inhibitory concentrations
(ICs) of each group were determined (Figure S2c—g), and the
trends of the neutralizing antibody were consistent with IgG
titers (Figure 3e). In general, the codelivery nanoparticle
conferred pronouncedly improved humoral responses.

Local Mucosal Immunity in the URT. Secretion of IgA can
neutralize and block virus entry in the URT where SARS-CoV-2
entry occurs and is critical for completely sterilizing SARS-CoV-
2 infection.'®*® Thus, we collected nasal wash (NW) samples
and explored the antibody responses in the URT. We observed
that the codelivery nanoparticle launched significantly stronger
IgA responses than those of pre-S-ferritin (Figure 4a).
Furthermore, the codelivery nanoparticle also mounted IgG
responses, albeit to a moderate extent (Figure 4b). Finally, the
virus-neutralizing capability was improved in a nonsignificant
magnitude by the codelivery nanoparticle (Figure 4c). In a word,

local mucosal immunity in the URT was heighted by the
codelivery nanoparticle.

Local Mucosal Immunity in the LRT. We next harvested
BALF samples and detected antibody responses in the LRT. We
found that the codelivery nanoparticle induced significant higher
levels of antigen-specific IgA (Figure Sa) and IgG (Figure Sb)
than those of pre-S-ferritin, whereas the admixture of pre-S-
ferritin with CBLBS02 (pre-S-ferritin+CBLBS02) showed a
moderate enhancement effect (Figure Sab). In addition, it is
worth noting that pre-S-ferriin-CBLBS502 induced substantially
higher IgG responses than those of pre-S-ferritin+CBLBS502
(Figure Sb). Moreover, the codelivery nanoparticle provoked a
notably improved neutralizing capability compared to pre-S in
the BALF samples (Figure Sc). In general, the codelivery
nanoparticle elevated local mucosal immunity in the LRT.

Cellular Immunity in the Spleen. Cellular responses are
very important to design an effective vaccine against SARS-CoV-
2. To identify the type of cellular immunity, splenocytes were
harvested three weeks after the third immunization and were in
vitro restimulated by pre-S-int™ protein. Enzyme-linked
immunospot assay (ELISPOT) was performed to determine
the levels of IFN-y and IL-4. Compared with other vaccine
regimens, pre-S-ferritin-CBLBS502 provoked the highest level of
IFN-y and IL-4 (Figure 6a—c). Strikingly, we observed that pre-
S-ferritin-CBLBS02 significantly improved IFN-y responses
compared to pre-S-ferritin+CBLBS02 (Figure 6a). Although
pre-S-ferritin-CBLBS02 enabled facilitating IL-4 responses
compared to pre-S-ferritint CBLB502, the enhancement effect
was moderate (Figure 6b). Moreover, pre-S-ferritin-CBLB502
elicited much stronger IFN-y responses than those of IL-4 as the
mean number of positive spots per 5 X 10° cells of IFN-y was
much higher than that of IL-4 (mean: 167.8 vs 45.8). As Thl
cells produce IFN-y and Th2 secretes IL-4,"® our results
suggested that pre-S-ferritin-CBLBS02 profoundly enhanced
cellular immunity in a Thl-biased manner.

B CONCLUSIONS

Nanoparticles together with adjuvants are widely and increas-
ingly used to improve the immunogenicity of subunit vaccines.
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Figure 6. Cellular immunity in the spleen. (a) Detection of IFN-y levels by ELISPOT. (b) Determination of IL-4 levels. (c) Representative images of
ELISPOT assays for IFN-y (upper panel) and IL-4 (lower panel). Statistical significance was denoted by the following symbols: ns = not significant, *p

< 0.05, **p < 0.01, and ***p < 0.001.

However, adjuvant proteins tend to aggregate or form inclusion
bodies,”**"” and researchers encounter a great challenge to
codeliver an antigen with an adjuvant. To this end, we developed
a dual-chambered ferritin nanocarrier, gbl-intc—ferritin—
CBLBS02, which was expressed by Escherichia coli with a yield
of over S0 mg/L. An antigen, pre-S-int", was expressed by
eukaryotes and was covalently conjugated to the engineered
ferritin nanocarrier in a facile and efficient fashion. Since then,
the denaturation and renaturation processes caused by adjuvant
proteins, which have detrimental effects on the authentic
properties of antigens, can be avoided. An in vivo immunization
study demonstrated that the codelivery nanoparticle, pre-S-
ferritin-CBLBS02, substantially improved systemic immunity,
local mucosal immunity in the URT and LRT, and cellular
immunity. As intein-mediated trans-splicing is a modular
technology, we speculate that the proposed dual-chambered

ferritin nanocarrier can be used to load other antigens and bring
benefits for mucosal vaccine development.
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